The responses of the autochthonous soil and aquatic organism, Pseudomonas aeruginosa to UV radiation wavelengths (UVA, 320-400 nm, and UVB, 280-320 nm) has been investigated in this study. P. aeruginosa r e d mutants were found to be more sensitive to both UVA and UVB radiation than were their isogenic RecA+ parents. Introduction of a low-copy-number plasmid containing the cloned wild-type P. aeruginosa r e d gene restored UVA and UVB resistance to recA mutants. The concentration of RecA protein increased twofold 120 min after exposure to either UVA or UVB radiation, suggesting induction of expression of the r e d gene by these wavelengths. In this study, we found that a functional RecA protein is required for activation of D3 prophage in lysogenic cells following exposure to UVB radiation. Prophage were not induced by exposure of their hosts to UVA radiation. Induction of damage-inducible (din) genes in response to UVA or UVB irradiation was also shown to be RecA dependent. These data indicate that the r e d gene plays a role in the response of P. aeruginosa to exposure to wavelengths of UV radiation found in the solar spectrum.
INTRODUCTION
The sun emits UV radiation, visible light and infrared radiation. Approximately 4 % of the total energy of the sun is found in the UV band. The UV region is further characterized as UVA (320-400 nm), UVB (280-320 nm) and UVC (< 280 nm). Biologically significant effects of absorbed UV are generally a function of wavelength (Peak & Peak, 1986) . The higher energy of the shorter wavelengths of UVC are the most detrimental to living cells. Fortunately, UVC radiation is attenuated by the ozone (0,) layer and molecular oxygen (0,) present in the atmosphere. Wavelengths in the UVA and UVB ranges are partially absorbed by stratospheric 0, but a significant amount penetrates to the Earth's surface. The amount penetrating increases rapidly with increasing wavelength. Only a small percentage of UVB radiation reaches the surface with a midday dose rate of 0.05-0.2 J rn-, s-l in temperate latitudes (Caldwell e t al., 1980) . UVA is not effectively blocked and dose rates of 0-7-1-0 J rn-, s-l are observed at noon in temperate latitudes (W. Jeffery, Abbreviation: IR, induction ratio. personal communication). However, it is predicted that the amount will increase as the levels of stratospheric 0, decline (Gleason e t al., 1993) . Irradiation with both UVA and UVB wavelengths have been conclusively shown to cause biological alterations in both prokaryotes and eukaryotes (Song & Tapley, 1979) . These effects include damage to mammalian skin tissue and depression of immune system functions (Gange & Rosen, 1986) in eukaryotes. Damage to prokaryotes includes induction of D N A strand breaks and DNAprotein cross-links (Peak & Peak, 1986) . The wide range of deleterious effects associated with solar UV radiation may be due to the large number of unique chromophores for UVB and UVA present in cells (Eisenstark, 1989) . Most literature relating to D N A damage and the role of recA in D N A damage repair and recombination, comes from studies of UVC effects. UVC radiation is directly absorbed by D N A and forms cyclobutane dimers (Wacker & Lochman, 1963) . UVB produces lesions that lead to single-stranded and double-stranded breaks, DNAprotein cross-links and, like UVC, formation of cyclobutane dimers, pyrimidine (6-4)-pyrimidone photoproducts, and Dewar pyrimidones [photoisomers of the Mitchell & Nairn, 1989) . UVA, on the other hand, is poorly absorbed by protein and nucleic acid, but is heavily absorbed by other cellular chromophores. There are several mechanisms of action of UVA that are poorly understood and complex (Eisenstark, 1989) . These differences in the types of damage produced has led Stapleton (1 992) to conclude that results from studies of UVC effects may not be useful in extrapolating or predicting the effects of UVA and UVB irradiation. Currently, our knowledge of bacterial responses to UV irradiation and its effect on their physiology is predominantly from the studies conducted with Escherichia coli. Because little or no information on the molecular and physiological responses of environmentally relevant micro-organisms is currently available, our objective in this study was to investigate the response of the soil and water microbe Psezldomonas aerzlginosa to UVA and LWB irradiation. About 20 different SOS or damage-inducible (din) genes that are transcriptionally induced following exposure to UVC or other chromosome-damaging agents, have been reported in E . coli (Walker, 1984) . Genes of the SOS regulon are co-ordinately under the positive control of the RecA protein and the negative control of the LexA protein (Walker, 1984) . Although the P. aerzlginosachromosome does not contain a functional analogue of the zlmuDC operon that is essential for mutagenic repair (Simonson e t al., 1990) , the organism does contain vari.ous din genes (Warner-Bartnicki & Miller, 1992) . T w o such din genes, d i n A and d i d , fused to a promoterless lacZYA operon, were utilized in this study to investigate whether the putative P. aerzlginosa SOS system responds to UVA and UVB irradiation. Mutants of the P. aerzlginosa r e c A gene were used to determine whether any response was dependent on a functional RecA protein.
Strains. The bacterial strains, plasmids and bacteriophages used in this study are given in Table 1 . The plasmid, pKML3001 (Kokjohn & Miller, 1987) carries a P. aertlginosa recA gene within an approximately 2.3 k b chromosomal fragment cloned into the broad-host-range vector pCP13 (Darzins & Chakrabarty, 1984) .
Exposure to UVA or UVB radiation. Bacterial cultures were grown in Luria-Bertani (LB) broth (Miller & KU, 1978) at 37 "C with shaking to a density of approximately 1 x lo8 c.f.u. ml-'. The cultures were pelleted at room temperature, washed in 0.85 YO (w/v) saline, and resuspended in an equal volume of saline. Cells were exposed to various doses of UVA at a rate of 17 J m-2 sfl or UVB at a rate of 0.7 J mP2 s-l by adjusting the exposure times. The lamps, sensors and UVx radiometer were from UV Products, Inc. The sensor used for measuring UVA (> 315 nm) was UVx36 and for UVB (280-315 nm) UVx31. Appropriate dilutions of the irradiated bacteria were plated in duplicate on LB agar and incubated in the dark at 37 OC for 16 h before counting the survivors. When needed, tetracycline was added to the culture medium at a concentration of 250 pg ml-'. All experiments were repeated at least twice.
D3 phage induction in response to UV irradiation. Phage induction studies were done using the P. aertlginosa temperate bacteriophage D 3 as described by Kokjohn & Miller (1987) . The lysogenic strains used in this study are indicated in Table 1 . Cells to be used for phage induction were grown to approximately 1 x 10'c.f.u. ml-' in LB broth and harvested by centrifugation at 4300g at room temperature for 10 min. The cells were resuspended in an equal volume of 0.85 YO saline and exposed to 10000 J m-2 of UVA or 50 J mP2 of UVB. The irradiated cells were incubated in the dark for 2 h. Following incubation, they were lysed by the addition of 0.1 vols chloroform. Cell debris was removed by centrifugation, and the titres of the supernatant fluids (lysates) were determined using P. aertlginosa P A 0 1 as the indicator strain.
RecA protein induction in response to UV irradiation. The experimental protocol followed for growing the cells of PA0303, protein extraction and electrophoresis has been described previously (Miller & Kokjohn, 1988) . We used exposures of 10000 J m-2 of UVA or 75 J m-2 of UVB. Following lysis and electrophoresis on a 5-20Y0 (w/v) SDSpolyacrylamide gradient gel (Bio-Rad), the cellular proteins were stained with Coomassie brilliant blue. The RecA protein was identified by Western analysis of duplicate gels as described by Miller & Kokjohn (1988) . The stained gel was subjected to scanning by densitometer scanning (pdi model DNA35 with a Howtek Scanmaster 3) and analysed by a Sun Computer. (Miller & Ku, 1978) at 37 "C with shaking until exponential growth was achieved. Cultures were then divided in half and placed in sterile Petri plates. One plate was exposed to UV radiation. The second was not exposed to UV but was otherwise treated in an identical manner. The cultures in each of the two plates were withdrawn after irradiation and placed in separate sterile flasks wrapped in aluminum foil to prevent photoreactivation. These flasks were incubated at 37 "C with shaking (275 r.p.m.) for 3-4 h. Samples (0.5 ml) were withdrawn at different times and assayed for P-galactosidase activity as described by using ONPG as a substrate. Assays were done in duplicate. Induction ratios (IR) were determined as described by Warner-Bartnicki & Miller (1992) .
T o investigate the recA dependence of induction of expression of the dinA and ding genes, the response of the recA isogenic pairs of PA025 (Rec') and RM265 (recA 102) containing either dinA : : I a c Z Y A or ding : : I a c Z Y A genes fusions to UVA or UVB was compared. Cells were exposed to doses of UVA or UVB radiation observed to result in maximal induction of dinA or dinB expression. Protocols were as described for experiments to quantify din gene induction.
RESULTS AND DISCUSSION

Sensitivity of P. aeruginosa wild-type and r e d mutants to UV irradiation
The survival of recA mutants following exposure to either UVA or UVB radiation was compared to that of their RecA' isogenic parents. Both RM8 (recA708) and RM265 (recA102) were found to be more sensitive to UVA and UVB irradiation (Fig. 1) than were their RecA' isogens, PA0303 and PA025, respectively. When the wild-type allele of the P. aerzlginosa recA gene was introduced into the RecA-strains on a low-copy-number plasmid, UV resistance was restored. In fact, RM8(pKML3001) and RM265(pKML3001) were more resistant than the parental strains not carrying the plasmid to UVA and UVB. The ability of this plasmid to restore resistance to UVC has already been presented (Kokjohn & Miller, 1987) .
Our finding of enhanced UV resistance in RM8(pKML3001) suggests that the RecA protein is an important factor in the response of this environmentally relevant organism to wavelengths of UV light encountered in natural solar radiation. One important role might be the induction of the P. aerzlginosa SOS system. In E. coli, Miguel & Tyrrell (1986) demonstrated that the RecA protein plays a role in UVA damage recovery. Eisenstark (1989) also believes that the RecA protein is clearly important to cell survival and that the constitutive level of RecA may be a key cell response factor but has shown that the SOS regulon of E. coli is poorly induced in response to solar UV radiation. Therefore, it was desirable that we determine if expression of the P. aerzlginosa SOS regulon was induced following exposure to solar wavelengths of UV. To determine this, we assayed three different types of genes associated with the SOS response.
Each of these genes has been shown to be under positive regulation by RecA protein in P. aerzlginosa and to be induced following UVC exposure (Kokjohn & Miller, 1987; Miller & Kokjohn, 1988; Warner-Bartnicki & Miller, 1992) .
D3 prophage activation to lytic growth in response to UV irradiation
Prophages of many viruses, including phage il of E. coli, respond to exposure of their host to UVC light as part of the SOS regulon (Walker, 1984) . Such prophages are activated by the positive action of the RecA protein to lytic growth leading to the lysis of their hosts and the production of virions. The D 3 prophage of P. aerzlginosa is among this group. It is inducible by UVC radiation in wild-type (RecA') lysogens of P. aerzlginosa but not in recA mutant lysogens (Kokjohn & Miller, 1987) . UVCmediated prophage activation is restored in recA mutants carrying the recA-containing plasmid, pKML3001 (Kokjohn & Miller, 1987) . Following exposure of P. aerzlginosa RecA' cells to UVB radiation, induction of the D3 prophage was observed (Table 2) . Induction was not observed in recA708 or recA 102 mutants. When pKML3001 was introduced into these mutants, UVBstimulated activation was again observed. However, UVA did not induce prophages in either RecA' or RecAlysogens ( Table 2) . As previously observed (Kokjohn & Miller 1987) , spontaneous production of phage particles was observed in all strains but was significantly reduced in recA lysogens. These data suggest that some components of the P. aerziginosa SOS regulon are induced by exposure to UVB wavelengths and that this activation is RecAdependent.
Induction analysis of dinA : : lacZYA and dinB : : lacZYA Expression of various genes present in the P. aerzlginosa chromosome is induced by UVC radiation (WarnerBartnicki & Miller, 1992) . The response of two of these genes, dinA and dinB, to either UVA or UVB irradiation was investigated in the RecA' strain PA025. After exposure to UVA or UVB, samples were taken every 30 min for 4 h and P-galactosidase activity assayed.
Increased expression of P-galactosidase from lacZ Y A fusions under the control of either the dinA or dinB promoter was observed after exposure to either UVA or UVB radiation. The numbers presented in Table 3 represent the maximum induction observed within the 4 h period for each fusion after exposure to various doses of UV radiation. The dose-response characteristics of induction of dinA and dinB differed in response to each type of radiation. Maximal induction of dinA occurred at lower doses of both UVA and UVB than did maximal induction of dinB. Although a maximal 60-fold induction was observed for dinA : : lacZYA following UVB exposure, maximal induction following UVA exposure was only 12-fold. However, dinB was induced by UVA (33-fold at 60000 J m-2) to a greater extent than it was by UVB (14-fold induction at 200 J m-2). Cells were grown to a density of 2x 106c.f.u. ml-l in Luria broth, pelleted, resuspended in saline and exposed to various fluences of UVA radiation. Appropriate dilutions in saline were plated in duplicate on LB agar and incubated at 37 "C overnight in the dark. 6.0 x lo1 0.32 1.9 x lo2 8.0 x lo1 0.42 6.6 x lo5 3.6 X lo5 0.55 6.6 x lo5 7.5 x lo6 11.36 * Cells were resuspended in 0.85 % saline and irradiated at a fluency of 10000 J m-2 of UVA and 50 J mP2 of UVB. The cells were resuspended in LB broth and incubated for 2 h at 37 OC, before plating in duplicate on LB agar. Tetracycline was added to agar when appropriate at a concentration of 250 pg ml-'.
t The procedure for calculating IR is described in Methods.
The RecA dependence of increased dinA and d i d
and not in their isogenic RecA-partners in response to expression following UVA or UVB irradiation was either UVA or UVB (Fig. 2) ) irradiation. Plots demonstrate the induction over time of dinA::/acZYA and dinB::/acZYA in RecA+ and RecAbackgrounds after exposure to dosages of UVA or UVB that conferred maximum induction for each gene fusion (see Table 3 ). S t ra i ns : 0, PA02 5( pB M L400) ; 0, RM265( pB M L400) ; 0, PA02 5( pB M L700) ; D, RM265( pB M L700).
Miller (1992) . The kinetics of induction were observed to be different for UVA and UVB exposure. There was an apparent abrupt rise and fall in P-galactosidase activity following EVA exposure, whereas a steady increase in /?-galactosidase was observed after exposure to UVB.
It is not surprising that differing responses were observed following exposure to the two types of UV radiation as UVA and UVB cause very different forms of cellular damage. UVB-induced damage, like UVC damage, is directly to the DNA. UVA damage to DNA, on the other hand, is indirect and the result of absorption by other cellular chromophores (Peak & Peak, 1986; Mitchell & Nairn, 1989; Eisenstark, 1989) . The din genes are apparently responding to different types of lesions caused by the two distinct wavetypes. The growth kinetics observed following UVA exposure may be the result of the transfer of energy from a cellular UVA-stimulated chromophore to the D N A target. At the time of transfer, proteins needed for D N A repair may be called upon immediately to repair the lesion and their activity quickly recedes when repair is complete. These differences in kinetics of !$OS induction may be reflected in our observation of the inability of UVA to induce temperate prophages. In addition, growth inhibition may play a significant role in the responses observed. The dosages of UVB w'hich induced the din genes were more lethal than those dosages of UVA which induced the fusions. Jagger (1972) observed a growth delay and photoprotection following sublethal exposure of P. aerzlginosa to UVA.
RecA protein induction in response to UV irradiation
In many species of bacteria including P. aerzlginosa, the recA gene is auto-regulated by its protein product in response to UVC irradiation (Miller & Kokjohn, 1988 aerzlginosa PA0303 before and after exposure to UVA or UVB were electrophoresed in SDS-polyacrylamide gels. Coomassie-stained gels were scanned with a densitometer.
The molecular mass of the P. aerzlginosa RecA protein, identified by Western analysis (Miller & Kokjohn, 1'238) was shown to be 43500 Da which closely agrees with. the report of Sano & Kageyama (1987) of a molecular mass of 42000 Da. The predicted molecular mass from the nuc:leotide sequence of P. aerzlginosa recA is 36 877 Da (Sano & Kageyama, 1987) . Similar discrepancies in the deduced molecular mass and that determined from SDSpolyacrylamide gel electrophoresis has been noted for other RecA proteins . The R, value of the RecA protein was determined to be 0.4, and this value was used to identify the protein on the duplicate Coomassie-stained gel scans.
To correct for any differences in the application of protein extracts on the various gels, OD readings were normalized to those obtained for a standard protein (i.e. not induced by UV) whose R, value was 0.3 (Fig. 3) . The increase in the band corresponding to the RecA protein upon exposure to UV radiation was expressed as an index of the recA induction ratio (IR), defined as :
where UVx is UVA or UVB. One third of the cell suspension was used as control, while the other two-thirds (one-third each) were exposed t o either 10000 1 m-' of UVA or 75 J m-' of UVB. The cells were then pelleted, resuspended in LB broth and incubated in the dark a t 37°C for 2 h, at which time they were pelleted and resuspended in sample buffer as explained in the text. Following electrophoresis and Coomassie staining, the gel was scanned and the ODs of each band were plotted against the R, values. The increase in the band corresponding t o the RecA protein upon exposure t o each radiation wavelength (IR) was calculated as explained in the text. Symbols: 0, control; 0 , UVA; 0, UVB. The standard OD values selected for the control, UVA and UVB (at an R, value of 0-3) were 0.37, 0.29 and 0.34, respectively. The RecA OD values observed for the control, UVA and UVB (at an R, value of 0.4) were 0.37, 0.65 and 0.69, respectively.
The densitometer scans revealed a mean increase of over twofold in the intensity of the 43.5 kDa RecA protein following exposure to either UVA or UVB (Fig. 3) . These data suggest that the RecA protein is auto-regulated as part of the P. aerzlginosa SOS regulon and is induced following exposure to all classes of UV radiation.
Con cl u si on s
At dose rates comparable to those observed in nature, RecA-strains of P. aerzrginosa were found to be more sensitive to UVA and UVB than were their RecAf isogenic counterparts. This sensitivity may be due to the lack of induction of the P. aerzlginosa SOS regulon in recA Expression of P. aerztginosa recA mutants or due to the importance of RecA protein itself binding to exposed ssDNA and in promoting recombination repair. We have shown that various SOS functions are induced by UVA (din gene and recA expression) and by UVB (din gene, recA expression and prophage induction) in P. aerztginosa and that induction requires a functional RecA protein.
Our findings have implications regarding the potential effects of increased exposure of aquatic micro-organisms to UVB due to reduction in the stratospheric 0, layer. Proctor & Fuhrman (1990) demonstrated that a majority of marine bacterioplankton are infected or lysogenized by bacteriophages. They equated a substantial fraction of death of aquatic bacteria and cyanobacteria to lysis due to bacteriophage growth. Thus, bacteriophages may play a major (if not primary) role in regulating bacterial densities in aquatic habitats. Our data suggest that increased UV exposure will lead to increased mortality of aquatic communities of micro-organisms not simply by directly increasing lethal D N A damage, but also indirectly by increasing induction of prophages to lytic growth and lysis of their hosts. In fact, we have observed synchronous die1 cycling of RecA protein and prophage induction in Vibrio parahaemobticzts incubated in sitzt in marine water microcosms in the Gulf of Mexico (R. V. Miller & R. B. Coffin, unpublished observation). Both of these functions were found to increase during periods when D N A damage due to exposure to solar UV light was greatest.
Increased exposure to solar UV radiation through 0, depletion may also enhance the frequency of horizontal gene transfer by increasing the frequency of transduction in natural microbial communities. Transduction of genetic material has been clearly demonstrated among bacteria living in natural environments (Ripp & Miller, 1995) , demonstrating that the most likely sources of transducing bacteriophages and hence transducing particles, is environmental lysogens. Therefore, increased exposure to solar UVB radiation may enhance induction of prophages resulting in an augmented transduction potential among natural microbial communities. Such an increase would greatly affect the evaluation of risk associated with the use of recombinant micro-organisms in natural environments.
